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Foreword
Modern ocean acoustics began with the discovery of the ocean sound channel on April 3, 1944. Ewing and Worzell sailed out of Woods Hole Harbor aboard the Saluda and lowered a hydrophone to 1,300 m to listen to 2-kg charges at up to 1,000-km ranges. They reported a signature so sharp that it would be "impossible for the most unskilled observer to miss it" (not true). They also predicted that some day it would be possible to transmit over 10,000-km ranges (true). Later that year, the Russian acoustician Brekhovskyikh accidentally recorded a signal that he attributed correctly to transmission through a waveguide. In both countries the work was part of a classified effort in Anti-Submarine Warfare (ASW); Ewing and Brekhovskyikh did not learn of each other's work for years to come.
The following three decades saw intensive international efforts in ASW and associated acoustic problems. Progress was limited, not so much by a lack of understanding of acoustics but instead by a lack of understanding of underlying ocean physics.
The very essence of ocean acoustics is its inherent variability. Phases and amplitudes vary in a complex manner. Fadeouts are the rule rather than the exception. Early on, this inherent variability was attributed to isotropic homogeneous ocean turbulence; ocean turbulence is neither isotropic nor homogeneous. Sound Transmission through a Fluctuating Ocean, published by Flatté and co-workers in 1979, suffered from a lack of understanding of the ocean environment and limited observations. At this very time, oceanography was going through the mesoscale revolution. For more than a century we had ignored the decisive role played by ocean weather. In fact, the ocean has a weather; storms are called mesoscale eddies. They have typical scales of 100 km and 100 days (compared to 1000 km and 3 days in the atmosphere). Single ships sailing at 12 knots and never repeating a station are incapable of resolving ocean weather. Carl Wunsch and I had spent a sabbatical year at Cambridge University trying to come up with an observational strategy that could. We ended up with "Ocean Acoustic Tomography," the use of sound Zachariasen. The focus here is on physical concepts and methodologies that over the last three decades have proven to be most useful.
The original text was written when a basic grasp of the subject was just emerging from three important lines of research. First, a few state-of-the-art field efforts utilizing controlled electronic sources (mostly in the kilohertz range) and a few hydrophone receivers on stable or navigated platforms were providing reliable observations of phase and amplitude statistics for single-frequency (CW) transmissions and most importantly for fixed acoustic paths: Fadeouts or scintillations and rapid phase jumps were seen to be all too common. Interestingly at this stage, classified military systems vastly exceeded the capabilities available to civilian investigators, one example being the remarkable SOund SUrveillance System (SOSUS). Second, from work in the late 1960s and early 1970s, oceanographers and acousticians had come to the realization that sound-speed fluctuations in the ocean were both anisotropic and inhomogeneous and that the ocean internal-wave field, described in some approximation by the recently developed Garrett-Munk (GM) internal-wave spectrum, was a significant contributor to this variability. Lastly, a new theoretical tool, the Feynman path integral method, allowed one to calculate several acoustic field statistics for both CW and fixed path and account for the anisotropic and inhomogeneous internal-wave field as well as the important fact that sound interacting with this random field is deterministically refracted by the ocean waveguide. These breakthroughs well justified the writing of the classic 1979 text; however, in the last thirty-five years the field has come a long way.
Using technology that was developed for Ocean Acoustic Tomography, experiments are now being conducted using wide-aperture vertical receiving arrays xv www.cambridge.org © in this web service Cambridge University Press Cambridge University Press 978-1-107-07234-3 -Sound Propagation Through the Stochastic Ocean John A. Colosi Frontmatter More information xvi Preface that are precisely navigated and time-synchronized. The analogy to astrophysics would be the difference between gazing at the heavens using the 200-in. Mt. Palomar telescope compared to the present-day observations on the 10-m, 36-element Keck telescope on the Hawaiian Mauna Kea volcanic peak. Further, astronomers used to study only the visible spectrum, but now virtually the whole electromagnetic spectrum is analyzed. Similarly, ocean acousticians are now able to transmit sound to study a wide acoustic spectrum of the ocean sound field from 20 Hz to 20 kHz. This capability has been enabled by energy-efficient broadband electronic sources, which are particularly challenging to build in the low-frequency end of the spectrum. And lastly, observational efforts have been bolstered by the tremendous increase in data-processing power supplied by modern computers and new signal-processing methodologies, enabling, for example, the processing of acoustic normal-mode signals and statistics that complement fixed-path observations.
From the theoretical side we have also come a long way. While the path integral is still a power tool, which provides profound insight into wave propagation, we now know that the expansion about the deterministic ray, which is needed to solve the path integral, has its fundamental limitations due to ray instabilities, termed ray chaos, as was demonstrated by the landmark SLICE89 experiment that first utilized a large vertical aperture-receiving array. Ray chaos means that a ray propagating through ocean sound-speed perturbations is expected to diverge exponentially from its neighbors and that exponential divergence range is a stochastic quantity varying from roughly 50 to 500 km. New insight, also from advances in ray theory, allowed researchers to appreciate the effects of the background sound-speed profile in dictating the sensitivity of acoustic fields to perturbations and to realize that acoustic energy is scattered primarily in the direction along the wave front rather than in the direction of propagation. Finally, new transport theory methods based on normal modes have shown to be extremely accurate in predicting several acoustic moments, and this method shows some promise in "solving" the ocean fluctuation problem given an accurate model of the sound-speed spectrum and background ocean profiles. Now on the matter of stochastic ocean sound-speed structure, many new measurements have been made, but it has been found that the GM internal-wave model is indeed a first-order description of internal waves in many regions of the ocean, including the continental shelf. Of course there are deviations in the spectrum in places such as the Arctic and near abrupt topography, but acoustic models utilizing the GM spectrum have given the best results when comparing to observations. Ongoing work related to ocean spiciness, that is, ocean sound-speed structure carried along constant density surfaces and vortical internal-wave motions, offers some hope of better characterizing the entire stochastic ocean Preface xvii sound-speed field, but no models of these processes yet exist to be utilized in the same way that the GM model is used.
Thus the objective of this book is to provide the reader with an up-to-date view of (1) observations, (2) ocean sound-speed fluctuations, and (3) ocean wave propagation through random media theory. The approach was to be as pedagogical as possible for a monograph on the state of the art in the field. This means we have incorporated toy models into the discussion to help illustrate basic concepts without the burden of complex calculation or mathematics. The hope is that this approach will make the text as useful for graduate students and postdocs as it will be for experts in the field. The original goal was to also include a series of chapters on applications such as internal-wave tomography, internal-wave effects on large-scale acoustic remote sensing, transport theory applied to ocean mixed layer propagation, and combined effects of stochastic internal waves and shallow-water nonlinear internal-wave packets. In the end it was determined that the text would simply be too big and so it was decided to leave these topics for some other volume.
The writing of a book is a significant task that can rarely be accomplished alone. This book was enabled by many friends and colleagues. Foremost among them is Dr. Peter Worcester, who has been my mentor, colleague, and friend for nearly twenty-five years and who painstakingly went over nearly every line of the manuscript and provided sage advice on the content and organization. Any flaws in the manuscript are directly attributable to my stubbornness and not to his attempted guidance. Special thanks go to Mike Brown, Bruce Cornuelle, Bill Kuperman, and Rob Pinkel for looking over specific chapters. Tim Duda, Jim Lynch, and Allan Pierce critiqued the entire book and provided many helpful comments. The figures were artfully done by Jennifer Matthews of the Scripps Institution of Oceanography (SIO). Funding for the book was provided by the Office of Naval Research, sabbatical funds from the Naval Postgraduate School, and the Cecil H. and Ida M. Green Foundation at the SIO Institute of Geophysics and Planetary Physics (IGPP). Warm hospitality was provided by the SIO IGPP, and the University of California, Santa Cruz departments of Physics, Earth and Planetary Sciences, and Ocean Sciences. Special thanks to Walter and Mary Munk for opening up their fabulous La Jolla home for me (with its access to one of the best surfing beaches in California, Blacks Beach) during my summer 2014 visit.
The book would never have been possible without the teaching, inspiration, and friendship of my thesis advisor Stan Flatté. Stan and I had started the book in the early 2000s, but after his death in 2007, work came to a halt. At this point I did not know if I had it in me to single-handedly put the last thirty years of progress in the field into some semblance of perspective. But with unrelenting encouragement from Stan's wife Renelde and from other colleagues, I dedicated
